The White Rock Formation is the lowermost formation of the Rockville Notch Group, an assemblage of Silurian-Devonian rocks preserved in five areas along the northwestern margin of the 
Introduction
The Meguma terrane is the most outboard of the collage of continental fragments that was assembled during the mid-Paleozoic to form the northern Appalachian orogen (Fig. 1 inset) . It is best known for a thick (>12 km) succession of turbiditic sediments of the Cambrian-Ordovician
Goldenville and Halifax groups (e.g., Schenk 1970 Schenk , 1995a Waldron 1992; White 2010a ) and for voluminous mid to late Devonian peraluminous granitoid rocks (e.g., Clarke et al. 1997 Clarke et al. , 2004 ).
However, along its northwestern margin in the Wolfville, Torbrook, Bear River, Cape St. Marys, and Yarmouth areas ( Fig. 1) , the Meguma terrane also includes Silurian and Early Devonian volcanic and sedimentary rocks, known collectively as the Rockville Notch Group (White 2010b; White and Barr 2017) .
Although stratigraphy varies in the Rockville Notch Group (Fig. 2) , historically the five areas where it occurs have been linked mainly because of prominent quartzite beds that occur in the lowermost unit of the group known as the White Rock Formation (Faribault 1909 (Faribault , 1920 Crosby 1962; Smitheringale 1960 Smitheringale , 1973 Taylor 1965 Taylor , 1969 . Volcanic rocks are also a prominent component of the White Rock Formation in the Torbrook, Cape St. Marys, and Yarmouth areas, but not in the other two areas. In the Bear River, Torbrook, and Wolfville areas, the White Rock
Formation is overlain by upper Silurian and Devonian sedimentary and locally volcanic rocks (White 2010b; White and Barr 2017) . Fossils provide good age constraints on the upper Silurianlower Devonian formations of the Rockville Notch Group, but they are rare in the White Rock Formation, and hence its maximum age has been uncertain, as well as its relationship (conformable vs unconformable) to the underlying Halifax Group (e.g., Smitheringale 1960 Smitheringale , 1973 Schenk 1972; Schenk and Lane 1981; Lane 1992; Keppie 2000; White et al. 2012) . U-Pb (zircon) ages of 442±4 The White Rock Formation has been interpreted by some workers to be part of an overstep succession that includes rocks of similar age in Avalonia and extends across much of the northern Appalachian orogen (Chandler et al. 1997; Keppie and Krogh 2000; Murphy et al. 2004a ). It has also been suggested that Avalonia and the Meguma terrane travelled together after Avalonia rifted away from Gondwana in the Early Ordovician and that the Goldenville, Halifax, and Rockville Notch groups were deposited on Avalonian crust (Keppie and Krogh 2000; Murphy et al. 2004a, b) .
In contrast, others support the idea that Meguma and Avalonia are unrelated and were not together until the mid-Devonian or later through subduction and/or strike-slip motion (e.g., Schenk 1970 Schenk , 1971 Clarke et al. 1997; MacDonald et al. 2002; Moran et al. 2007 ).
Because of the importance of the White Rock Formation, both in understanding the geological history of the Meguma terrane and in regional tectonic interpretations, a U-Pb (zircon) dating study was undertaken to better constrain the age of volcanic components and the provenance of sedimentary components in the formation. The new data include two additional igneous crystallization ages from volcanic rocks in the Cape St. Marys and Yarmouth areas and four detrital zircon age spectra, two from quartzite units in the Yarmouth area, one from quartzite in the Cape St.
Marys section and one from a conglomerate unit near Wolfville previously interpreted as a glacial diamictite (Schenk and Lane 1981) . These data, combined with mapping and petrological studies (White 2010b; White and Barr 2017) (Clarke et al. 1997 (Clarke et al. , 2004 . This orogenic event and the tectonic setting of the voluminous granitic plutons are not yet well understood but both were related at least in part to the dextral transpressive motion of the Meguma terrane against adjacent Avalonia along the Cobequid-Chedabucto fault system. Subsequent Carboniferous motion on the fault system and renewed transpression throughout the Meguma terrane may have been related to docking of Gondwana (Africa) outboard of Meguma terrane (Moran et al. 2007; Waldron et al. 2015) .
Detailed mapping during the past 15 years resulted in subdivision of the Goldenville and Halifax groups into regionally extensive formations and members (e.g., White 2010a, b; White 2013) . Their ages have been relatively well constrained by detrital zircon dating and trace and microfossils to the early Cambrian through Early Ordovician (Waldron et al. 2009; Gingras et al.2011; White et al. 2012) . Some stratigraphic differences occur northwest and southeast of the Chebogue Point shear zone (White 2010a; Waldron et al. 2009 ). The lowest part of the Goldenville Group is of early Cambrian age, but the base is not exposed and its basement is
The Meguma terrane is generally accepted to be peri-Gondwanan, although the specific location along the margin of Gondwana where it originated remains a topic of speculation.
Traditionally, the Goldenville and Halifax groups were interpreted to have been deposited on the continental rise and/or slope to outer shelf of a passive margin that was part of, or adjacent to, the North African craton during the Cambrian, perhaps in close association with Armorica (Schenk, 1971 (Schenk, , 1981 (Schenk, , 1991 (Schenk, , 1997 , but Amazonian connections have also been proposed (e.g., Keppie 1977; Waldron et al. 2009 ). Waldron et al. (2009) concluded that the combination of stratigraphic differences across the Chebogue Point shear zone, similarities to Avalonian detrital zircon populations, juvenile Nd isotopic compositions, and sparse faunal evidence suggesting Avalonian affinity (Pratt and Waldron 1991) indicates that the Meguma terrane formed in a rift between Gondwana (Amazonia) and Avalonia.
Stratigraphy and Sample Locations
Wolfville area Formation contains a series of quartzite beds/lenses interlayered with dark grey to red-brown metaconglomerate to breccia and black metasiltstone to slate. The conglomerate beds were interpreted to be diamictite or tillite by Schenk and Lane (1981) , who included them in the upper part of the Halifax Group rather than in the White Rock Formation. Long (1992) Sample MEG7 for detrital zircon study was collected from a conglomerate outcrop designated by Schenk and Lane (1981) as diamictite/tillite (Fig. 3) . Henderson (2016) reported a detrital zircon age spectrum for a sample from the same location and Murphy et al. (2004a) reported data from an overlying quartzite (Fig. 3) .
Torbrook area
In No samples for U-Pb dating were collected from the Torbrook area during the current study, but Keppie and Krogh (2000) reported an igneous crystallization age of 442±4 Ma from a rhyolite flow at the base of the White Rock Formation (Fig. 2) , and the ages of the overlying Kentville and Torbrook Formations are well constrained by fossils (Degardin et al. 1991; Bouyx et al. 1997 Bouyx et al. 1997) indicates that the upper part of the White Rock Formation in that area is age-equivalent to the Kentville Formation (Fig. 2) .
No volcanic rocks are present in the Bear River area and the White Rock Formation consists mainly of grey to dark grey slate and metasiltstone, with minor light grey to white metasandstone (White et al. 1999; White and Barr 2017) . The slate tends to be darker grey, less laminated, and siltier than that of the underlying Bear River Formation. The metasiltstone beds are 5 to 20 cm thick and are massive to laminated. Rare grey marble beds, less than 15 cm thick, occur at the base of the formation, and calc-silicate lenses are present in places. The top of the formation contains lenses less than 3 cm thick of intraformational conglomerate.
Cape St. Marys area
In the Cape St. Marys area, the Rockville Notch Group is represented only by the White Rock Formation, which outcrops on the western limb of an inferred syncline (Fig. 4) . It is highly D r a f t 9 sheared, together with adjacent rocks of the Halifax Group, in the Cape St. Marys shear zone (Culshaw and Leisa 1997; Culshaw and Dickson 2015) . At the exposed western contact, sheared and deformed slate and metasiltstone of the Tremadocian Bear River Formation (White 2010a ) are overlain by highly strained felsic metatuffaceous rocks. Lithic metatuff at the base apparently corresponds to the tillite of Schenk and Lane (1981) , which they described as a pebbly mudstone, 1 m in thickness. However, examination of samples in thin section in the present study shows that the rocks are felsic lithic-crystal lapilli metatuff ( On the northwest, the position of the contact between the White Rock Formation and
Halifax Group is poorly defined because of lack of exposure both inland and on the coast. In the absence of outcrop, the contact position is inferred by a strong aeromagnetic signature that appears to be associated with the Halifax Group, deformed in that area by the Cranberry Point shear zone (Culshaw and Leisa 1997; White et al. 2001) . enable the determination of younging direction. Although previously interpreted to be in a synclinal structure (Taylor 1967; Lane 1979; Hwang 1985; Culshaw and Liesa 1997; MacDonald 2000) , younging directions are consistently to the southeast (White et al. 2001; MacDonald et al. 2002; White and Barr 2017) . Overall, the rock types are like those preserved in the Cape St. Marys section, but much thicker (minimum 6 km). A brachiopod from the Overton member has a maximum age of Late Ordovician (A. Boucot, personal communication, 1971 in Lane (1975 ).
However, an assemblage of brachiopods and gastropods in the same area is likely Early Silurian (A.
Boucot, written communication, 2002, in White and Barr 2017), a more reliable age constraint.
Four samples were collected in this study for U-Pb dating but only three were successful.
Quartzite sample O16-W15-011 from near the top of the Chegoggin Point section yielded a detrital zircon population, and sample O16-W15-012 from an overlying felsic tuff (Fig. 4e , f) yielded an igneous crystallization age. An intermediate tuffaceous unit from the section at Overton did not yield any zircon and hence could not be dated but sample MEG3 from an underlying quartzite layer in the same section yielded detrital zircon. In previous studies, felsic crystal tuff in the Sunday Point area yielded an igneous crystallization age of 438+3/-2 Ma (MacDonald et al. 2002) , and the Brenton pluton in the Government Brook member within the Chebogue Point shear zone yielded an igneous crystallization age of 439+4/-3 Ma (Keppie and Krogh 2000) .
New Geochronology

Methods
Zircon concentrates were separated from 2-4 kg sample material at the Senckenberg Naturhistorische Sammlungen Dresden (Museum für Mineralogie und Geologie) using standard methods. Tables A1-A6 in the data repository.
Results -tuffaceous samples
The two tuffaceous samples contain needle-shaped zircon crystals, which are euhedral, clear, and colourless, and about 80 to 120 µm long. Some contain a core, and such grains trend to have more compact shape. Th/U ratios below 1,0 suggest a felsic magma source.
Cape St. Marys felsic metatuff sample B01-W13-001 consists of scattered broken crystals < 1 mm in size of quartz, K-feldspar, and plagioclase in a fine-grained quartzofeldspathic groundmass (Fig. 5a, b) . A few elongate felsic lithic clasts are also present. The lithic clasts and groundmass contain abundant sericite and carbonate. The sample yielded 20 zircon grains with analyses less than 10% discordant (Table A1 ). Most (14) of the ages are around 442 Ma (Fig. 7a) ; 6 older ages (506, 645, 694, 1121 (506, 645, 694, , 1687 (506, 645, 694, , and 2072 are from cores and are interpreted to represent inherited grains from older recycled rocks. The concordia age of 442.9 ± 2.1 Ma is considered to represent the eruptive age of the tuff.
Sample O16-W15-012 is felsic crystal-lithic metatuff layer about 2 m thick in the Chegoggin Point section in the Yarmouth area. It is well foliated and contains relict crystals of quartz and feldspar in a fine-grained recrystallized groundmass of mainly quartz, feldspar, and biotite (Fig. 5c,   d ). The sample yielded 36 zircon grains with analyses less than 10% discordant (Table A2 ). Of those, 32 yielded a concordia age of 435.8 ± 2.1 Ma that is considered to best represent the eruptive age of the tuff (Fig. 7b) . The large MSWD of 2.1 is caused by the relatively large spread of the mean of the single measurements. The four older concordant zircon cores have ages of 457-484 Ma (Table   A2 ). These ages are interpreted to reflect the recyling of rift-related Ordovician igneous rocks as is D r a f t 14 typical for most terranes derived from the peri-Gondwanan margin.
Results -detrital samples
Zircon grains in the detrital samples are well-to sub-rounded, although some grains are euhedral with prominent peaks at 567, 623, and 670 Ma (Fig. 8c) . The youngest population of grains less than 10% discordant (n=6) has a weighted average (concordia) age of 566.7 ± 4.7 Ma. Older grains of both Mesoproterozoic and Paleoproterozoic ages are relatively abundant, with peaks at about 1200 Ma and 2000-2200 Ma (Fig. 85d) . The age spectrum is similar to that reported by Henderson (2016) for a younger quartzite bed in the same section but in her sample the youngest concordant population (n=4) has an age of 514 ± 6 Ma. The sample also contains a single grain, less than 10% discordant, with an age of 430.2 ± 4.8 Ma, consistent with the age of 442.9 ± 2.1 Ma obtained here for the metatuff at the base of the section (Fig. 7a ).
Quartzite sample O16-W15-011 from the Chegoggin Point section of the White Rock
Formation in the western part of the Yarmouth area (Fig. 6) is from the upper part of a thick section of varied quartzite beds. The quartzite is overlain by amphibolitic mafic flows and tuff and is stratigraphically below dated felsic tuff sample O16-W15-012 (Fig. 2) 8f ).
Quartzite sample MEG3 is from the Overton section near Yarmouth (Fig. 6 ), in the same part of the section where fossils suggest an early Silurian age (Fig. 8h) .
Discussion
Stratigraphic implications
The two new U-Pb igneous crystallization ages from felsic volcanic units in the White Rock
Formation support results from previous dating (Keppie and Krogh 2000; MacDonald et al. 2002) which indicated that the base of the White Rock Formation is Early Silurian, using the present position of the Ordovician-Silurian boundary at 443.8 ± 1.5 Ma (Cohen et al. 2017 ). The youngest unit in the Halifax Group is the Hellgate Falls Formation with an early Ordovician (Floian -470-478 Ma) age (White et al. 2012) . Hence the age gap with rhyolite at the base of the White Rock Formation in the Torbrook area dated by Keppie and Krogh (2000) at 442±4 Ma is about 30 million years ( Fig. 2) . A similar age obtained in this study from felsic tuff at the base of the White Rock Formation in the Cape St. Marys section where it overlies the Bear River Formation indicates an even larger time gap of at least 37 million years in that area (Fig. 2) . The minimum age of the White Rock Formation in the Cape St. Marys area is constrained by the date of 426.4 ± 2 Ma from a folded gabbroic sill (Warsame et al. 2017) , showing that the entire section at Cape St. Marys is Early Silurian. In the Yarmouth area, the age of the base of the formation is less well constrained because of abundant faults and lack of outcrop but both dated volcanic units are early Silurian and similar within error. The age of 439+4/-3 Ma reported by Keppie and Krogh (2000) and Bear River areas suggests that the base of the sections in those areas may be younger than the volcanic activity recorded in the other three areas (Fig. 2) .
Comparison to the Halifax and Goldenville groups
The combined detrital zircon signature in samples from the Rockville Notch Group, including data from the present study as well as Henderson (2016) and Murphy et al. (2004a) , is similar to that from the underlying Goldenville and Halifax groups ( Fig. 9a-d ). Both data sets show an abundance of Neoproterozoic ages and a relatively subdued but prominent peak ca. 2065 Ma, broader in the case of the Rockville Notch Group, and a scattering of older ages back to the Archean. However, the Rockville Notch Group also contains a strong Mesoproterozoic population in the range of 1000 to 1600 Ma. Although apparent in all samples, this population is especially abundant in the quartzite sample from Cape St. Marys (Fig. 8c, d ) and least prominent in the conglomerate from the Wolfville area (Fig. 8a, b) . The appearance of Mesoproterozoic grains in the Silurian record suggests a contribution from an additional source area by that time, as discussed D r a f t 18 below.
Relationship with Avalonia
The widespread distribution of igneous and associated sedimentary rocks of Silurian age in the northern Appalachian orogen led to the suggestion that they are an overstep sequence, with the implication that the outboard terranes of the orogen were assembled along the Laurentian margin by that time (e.g., Chandler et al. 1987; Keppie and Krogh 2000; Lynch 2001) . (Fig. 9e, f ). With such a sparse record of Early Neoproterozoic, Mesoproterozoic, and Paleoproterozoic zircon grains in all three data sets, it is difficult to make a case one way or the other about similarity or differences among the signatures (Fig. 9b, d, f) . Given the extent and impact of the ca. 400 -390 Ma Neoacadian orogeny in the Meguma terrane and its relative absence in the Avalon terrane, it seems unlikely that the two terranes were fellow travellers even in the Devonian. It is more likely that widespread thermal activity in the Late Devonian-Carboniferous records the juxtaposition of Meguma and Avalonia (e.g., Willner et al. 2015) , and that Carboniferous rocks are the first true overstep sequence between those terranes.
Provenance of the Meguma terrane
The ca. 30-40 million-year gap in sedimentation between the Halifax and Rockville Notch groups occurs in a similar stratigraphic range as the so-called "Sardian gap" ("Sardian unconformity") known from peri-Gondwanan Europe, including Sardinia, Iberia, and Bohemia (Saxo-Thuringian zone) (Linnemann et al. 2010a, b) . The latter areas are part of Cadomia, a periGondwanan terrane formed by Cadomian orogenic processes in Late Ediacaran to early Cambrian time (Linnemann et al. 2010a, b) . Contemporary occurrence of the "Sardian gap" in the lower Palaeozoic sedimentary successions of both Cadomia and the Meguma terrane points to a strong relationship between these areas in the Cambrian -Silurian. The "Sardian gap" was formed during rifting on the West African periphery of the Gondwanan margin and has been suggested to have resulted from the rifting away of a suspect terrane (Linnemann et al. 2010b) . That suspect terrane could have been the Meguma terrane, or its postulated larger entity Megumia ).
Comparison of the detrital zircon record of the Saxo-Thuringian zone, part of Cadomia in Germany (Linnemann et al. 2014) , with the detrital zircon record from the Rockville Notch Group, including the results of this study and other published work, shows an overlap of a population in the range of ca. 1800-2200 Ma (Fig. 10a, b) . This age range reflects the Eburnean orogeny widely D r a f t 20 distributed in the West African craton (e.g., Thiéblemont et al. 2004; Schofield et al. 2006 ).
Furthermore, zircon populations overlap in the range of ca. 540-600 Ma (Cadomian), ca. 600-750
Ma (Pan-African), and ca. 750-900 Ma (dispersal of Rodinia). Such similarity in the detrital zircon population pattern is a strong argument for the provenance of the Meguma terrane from the Cadomian orogen, which formed the margin of West Africa in the Late Ediacaran to early Palaeozoic (Linnemann et al. 2014) . It is very likely that Meguma rifted from the Cadomian-West
African margin in the mid to late Ordovician and related rifting processes were responsible for the formation of the sedimentary gap detectable both in the Meguma terrane and in the Palaeozoic sedimentary pile overlying Cadomia. Hence, our data strongly support the West African provenance of the Meguma terrane as initially proposed by Schenk (1971 Schenk ( , 1981 .
The presence of a Mesoproterozoic population in the range of 1000 to 1600 Ma in most samples from the Rockville Notch Group that is absent in both the underlying Halifax and Goldenville groups and in Cadomia suggests that after rifting from Cadomia-West Africa, Meguma interacted with a crustal area which was able to deliver Mesoproterozoic zircon. A similar temporary plate tectonic interplay of Avalonian terranes with a Mesoproterozoic crustal unit was also stressed by Gärtner et al. (2016 Gärtner et al. ( , 2017 . Final amalgamation of Meguma with Avalonia occurred in Devonian through Early Carboniferous time.
Conclusions
After more than a century of uncertainty about stratigraphic relations and ages of the Formation-equivalent strata in the White Rock Formation Bouyx et al. 1997 ).
The presence of the "Sardian gap" (mid to late Ordovician) in the Meguma terrane and of detrital zircon populations in the Rockville Notch Group and underlying Halifax and Goldenville groups which show evidence of Cadomian (ca. 540-600 Ma), , and Eburnean (1800-2200 Ma) orogenic events are strong arguments for the derivation of sediments in the Meguma terrane from the Cadomian orogen. The Cadomian orogen formed the margin of West Africa in the Late Ediacaran to early Palaeozoic, and hence, the data support the West African provenance of Meguma as initially proposed by Schenk (1971 Schenk ( , 1981 Abbreviations: NB, New Brunswick; NL, Newfoundland; NS, Nova Scotia; QUE, Quebec. The age from the Mavillette Gabbro is from Warsame et al. (2017) . Table A1 . U-Pb data, Cape St. Marys tuff sample B01-W13-001. Table A2 . U-Pb data, Chegoggin tuff sample O16-W15-012. Table A3 . U-Pb data, Wolfville area conglomerate MEG7. 
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